Determining the temperature distribution within the lithosphere requires the knowledge of the radiogenic heat production (RHP) distribution within the crust and the lithospheric mantle. RHP of crustal rocks varies considerably at different scales as a result of the petrogenetic processes responsible for their formation and therefore RHP depends on the considered lithologies. In this work we address RHP variability of some common lithological groups from a compilation of a total of 2188 representative U, Th and K concentrations of different worldwide rock types derived from 102 published studies. To optimize the use of the generated RHP database we have classified and renamed the rock-type denominations of the original works following a petrologic classification scheme with a hierarchical structure. The RHP data of each lithological group is presented in cumulative distribution plots, and we report a table with the mean, the standard deviation, the minimum and maximum values, and the significant percentiles of these lithological groups. We discuss the reported RHP distribution for the different igneous, sedimentary and metamorphic lithological groups from a petrogenetic viewpoint and give some useful guidelines to assign RHP values to lithospheric thermal modeling.
Introduction
The distribution of the radiogenic heat producing elements within the lithosphere provides an important control on the crustal temperature distribution and the mechanical strength of the lithosphere (Sandiford and McLaren; . Combined determinations of surface heat flow and radiogenic heat production (RHP) yield basic information about the thermal field and the structure of the Earth's lithosphere Mareschal, 2003, 2007; Taylor and McLennnan, 1995; Beardsmore and Cull, 2001) .
One of the most difficult and critical tasks in geothermal modeling is the assignment of reliable RHP values to the different geologic units that compose the lithosphere. Commonly the RHP distributions of the different layers that compose the lithosphere are assigned according to RHP determinations of representative rock samples from or near the region of interest. In many cases the inaccessibility of most of the lithospheric rocks difficults its RHP characterization. In this case published mean RHP values of representative rock types (e.g. Haack, 1983; Rybach, 1976 Rybach, , 1986 Wollenberg and Smith; , crustal type sections (Rudnick and Fountain, 1995) , geological provinces (Lewis et al., 2003; Brady et al., 2006; Perry et al., 2006) or global geothermal studies (Artemieva and Mooney, 2001; are used.
However, regional studies cover only part of the crustal lithologies and, in most cases, lack of a correlation between RHP values and main lithotypes. Finally, regional geochemical studies often provide abundances of radioelements but not RHP values. In consequence, choosing average RHP values for the different lithological groups involves large uncertainties.
In this context we present a new compilation of RHP values distributed according to the main lithosphere rock types and we discuss the variability of RHP from a petrogenetic point of view. The data presented here have been obtained after revision of an extensive compilation of large geochemical and geophysical datasets previously published. The main aim of this work is to provide a representative set of RHP values and the necessary criteria for their correct use and interpretation particularly addressed to lithosphere thermal modeling.
Radiogenic elements and heat production
During the radioactive decay mass is converted to energy and an important part of this energy is converted to heat. All natural radioactive isotopes generate heat to a certain extent but only the contributions of the decay series of ) is calculated by (Rybach, 1988) :
−5 ρ 9:52C U + 2:56C Th + 3:
where ρ is the density of the rock (in kg m −3
) and C U , C Th and C K are the concentration of uranium (in ppm), thorium (in ppm) and potassium (%), respectively.
Conventional geochemistry considers K as a major element (those which predominate in any rock analysis) and U and Th as trace elements (those which are present at less than 0.1% level). Assuming that at global scale the Th/U ratio is around 4 and the K/U ratio is around 1 × 10 4 (Rudnick et al., 1998; McLennan, 2001; Jaupart and Mareschal, 2003) , it results that RHP is controlled basically by the U and Th concentrations (85% of the total RHP) and to a lesser extent to the K concentration.
In the case of rock samples, radiogenic heat producing elements are determined by several laboratory analytical techniques: inductively coupled plasma atomic emission spectrometry and mass spectrometry, instrumental neutron activation analysis, X-ray fluorescence spectrometry and gamma-ray spectrometry (Rybach, 1988; Darnley, 1995) . Portable, car-borne and air-borne gamma-ray spectrometry techniques are used for estimating the concentrations of radioelements of the surface rocks, and borehole gamma-ray spectrometry is used to acquire a continuous spectra of the U, Th and K concentrations of subsurface rocks (IAEA, 2003) .
Early work on continental heat flow observed a linear relationship between surface heat flow and near surface heat production. For zero surface heat production this linear relationship predicts a basal heat flow value, which defines the so-called Heat Flow Provinces Roy et al., 1968; and Lachenbruch, 1968) . This observation suggested that the variation of surface heat flow within a given heat flow province is related to variations in the total crustal heat production. Three commonly used depth distribution models of RHP that satisfy the linear relationship are the step, the linear and the exponential models (Morgan et al., 1987) . From these, the exponentially decreasing model has been commonly favored because it better explains the effect of erosion (Lachenbruch, 1968) . Further studies however showed that when heterogeneous lithologies are considered the linear relationship between surface heat flow and surface heat production is not satisfied and simple depth distribution models of RHP do not apply (e.g., Furlong and Chapman, 1987; Fountain et al., 1987; Kukkonen and Lahtinen, 2001) . Studies of exposed crustal sections suggest a general trend of decreasing heat production with depth, but on a scale of a few kilometers there is no simple stratigraphic control on the distribution of RHP (Sandiford and McLaren, 2006; Jaupart and Mareschal, 2003; Brady et al., 2006) . Rybach and Buntebarth (1982) found an experimental relationship between RHP and the cation packing index for some igneous rocks. Density and seismic velocity are directly related to the cation packing index and consequently they proposed relationships between density, seismic velocity and RHP. Since acidic rocks usually have lower densities than more basic rocks (Johnson and Olhoelf, 1982) , it follows that RHP and SiO 2 content must be closely related. However, these relationships do not apply to all rock types and different works show that there is no straightforward relationship between RHP and seismic velocity, density and SiO 2 content (e.g., Fountain, 1985; Kukkonen and Peltoniemi, 1998; Joeleht and Kukkonen, 1998; Jaupart and Mareschal, 2003) . Thus, presently there is no any empiric explanation that supports a simple and universal depth-dependent function for RHP distribution. Actually, several lines of evidence suggest that the ordering of the RHP within the lithosphere is related to the petrogenesis of the different geologic units that compose the lithosphere.
The large-scale distribution of the radiogenic heat production elements (RHPE) is determined by the geochemical differentiation of the Earth. In the simplest view, the primordial Earth began as an undifferentiated mass. Early in its history, the iron and related siderophilic elements sank gravitationally to the centre of the planet to form the core (32% of the mass) and giving the differentiated Silicate Earth (68% of the mass), which is also called primitive mantle and comprises the present day crust (about 0.7% of the mass of the primitive mantle) and the mantle. U, Th and K are lithophile elements and hence, they are concentrated in the Silicate Earth. On the basis of geochemical studies, the Earth's core cannot contain a significant fraction of the RHPE. Consequently, the composition of the primitive mantle is critical to our knowledge of the RHP distribution through time. The various global geochemical models of the Earth consider that initially the Silicate Earth had an homogeneous composition (e.g., Taylor and McLennan, 1985; Hofmann, 1988; Anderson, 1989; McDonough and Sun, 1995; Palme and O'Neill, 2003) .
Taking 4 × 10 24 kg and 9 × 10 20 m 3 as the mass and the volume of the primitive mantle, and using the concentration of radiogenic elements of the present primitive mantle (K= 0.024 wt.%, Th= 0.0795 ppm and U = 0.02 ppm) proposed by McDonough and Sun (1995) , we obtain that the present radiogenic heat generated by the Silicate Earth is 18 TW. If we consider that the total heat loss through the Earth's surface is 44.2 TW , then the present radioactive heat generated by the Silicate Earth is equivalent to the 41% of the total heat loss through the Earth's surface. The rate of decay of a radioactive isotope is proportional to the concentration present at any time. The concentration C of a radioactive isotope at time t measured backward from the present is related to the present concentration C 0 and to the half-life of the isotope τ 1/2 by:
Fig . 1a shows the concentration of radiogenic isotopes and elements of the primitive mantle through time proposed by McDonough and Sun (1995) . It can be seen that the U concentration in the Silicate Earth at 4.5 Gyr ago was more than twice the present concentration; the initial Th concentration was only 1.25 greater than present and the K concentration experienced a very low decrease. Thus, the higher levels of U, Th and K during the early history of the Earth resulted in a higher RHP (Fig. 1b) . The implication is that Precambrian, especially Archean, geotherms may have been relatively high.
U, Th and K are incompatible with respect to normal mantle minerals. During mantle partial melting and crustal formation RHPE are preferentially concentrated in the liquid phase. Consequently, RHP is strongly partitioned into the crust and the residual mantle (only those portions which participate in the differentiation process become depleted). The distribution of the RHP whithin the crust is broadly related to the distribution of lithotypes. In the case of the oceanic crust, which can be roughly subdivided into a thin sedimentary cover and a basaltic layer of nearly constant composition, is not very difficult to know its RHP distribution. In contrast from a petrological point of view the continental crust is more complex since its composition is more variable laterally and in depth (e.g., Jaupart and Mareschal, 2003; Rudnick and Fountain, 1995; Wedepohl, 1995) .
In most crustal lithologies U, Th and K form part of minerals. In igneous and metamorphic rocks, K generally occurs in major silicates such as feldspars and micas, whereas U and Th contents of major minerals (quartz, feldspars, amphiboles, pyroxenes and micas) are usually negligible (Webb et al., 1987) . U (as U
4+
) and Th (as Th 4+ ) occur mainly in accessory minerals (those that are present at less than 5% level) such as zircon, monazite, xenotime, apatite, sphene and allanite (Marchalland and Fairbridge, 1999; Van Schmus, 1995) . U and Th have a similar electron configuration (for Th z =90 and for U z = 92) and similar radii (U 4+ =1.05 Å, Th 4+ = 1.1 Å) and the two elements can substitute each other explaining their relative geochemical coherence although the mobility of U is much higher. Metamorphic rocks devolatilize with progressive metamorphism (Ague, 1991) , hence metamorphic fluid flow could remobilize heat producing elements, particularly U, by dehydration reactions and fluid flow. In surface environment U and Th-bearing minerals may be resistant to weathering and commonly occur as detrital grains. However, U 4+ can be oxidized to U
6+
, which is more mobile (Chamberlain and Sonder, 1990; Plant et al., 1999) . Weathering of feldspars and micas favours the formation of K-bearing clay minerals such as illite.
Heat production and lithotypes
The main objective of the present study is to obtain a table of representative RHP values of the main lithological groups that compose the lithosphere. To achieve this goal, we have created a database that contains 2188 representative RHPE concentrations of different rock types derived from 102 published studies. The different studies provide a median number of 16 samples and the 90% of them provide less than 50 samples. A complete table with all the data used and a list of references is included in the Appendix.
The compiled samples correspond to the major tectonic plates and include the main geodynamic settings of the Earth. The samples cover an age interval ranging from the Archean to Recent. The compiled RHPE concentration data basically result from single samples collected from outcrops and boreholes that we assume as pertaining to essentially uniform lithologies. Only 499 RHPE concentrations come from composite samples of which 196 come from previously published global average compositions of different rock types. The rest of the composite samples represent average concentrations of local and regional geologic units of roughly homogeneous lithologies. RHP has been computed from the U, Th and K concentrations using the formula (1) proposed by Rybach (1988) . A reasonable average density, based on the studies of Johnson and Olhoelf (1982) and Christensen and Mooney (1995) was assigned for each lithologic group.
To build a comprehensible RHP database focused on thermal modeling we have classified and renamed samples following a petrologic classification scheme with a hierarchical structure (Table 1) . Establishing appropriate lithological groups is a complex and hard task because of the heterogeneity of the available petrological information. Many of the works used do not include appropriate petrological descriptions or the classification schemes used to name the samples. In addition, the geological parameters used to describe a rock sample (e.g. color index, mineral content, grain size mode, chemical composition, age, geological setting, facies, etc.) vary from study to study. Therefore, similar rocks are denoted with different names due to a continued use of traditional terms or without justified reasons. This reflects that, despite the great number of petrologic compendiums, a standard and widely accepted scheme to define and classify rocks is still lacking.
Initially, the earth materials forming the lithosphere have been grouped in three main lithological groups corresponding to igneous, sedimentary, and metamorphic rocks. We have subdivided the igneous rocks into plutonic and volcanic varieties according to the criteria proposed by the IUGS (Le Maitre, 2003) . Sedimentary rocks are firstly classified into six categories based on sediment composition, without considering the degree of consolidation. In a lower hierarchical level, sedimentary detritic rocks are classified according to the grain size. The primary classification level of metamorphic rocks is based on the metamorphic grade. Low grade and medium grade metamorphic rocks have been subdivided into metaigneous and metasedimentary varieties. Within the high-grade metamorphic rocks we have distinguished granulites and eclogites.
The proposed hierarchical structure allows the user to classify the wide range of rock types in a logical and unambiguous manner and provides a simple way for inputing, storing and retrieving data. In addition, the classification and naming of rocks can be varied according to the expertise of the user and the level of available information (the more information is available, the higher is the level of the hierarchy at which the rock can be classified).
Results
To assign statistically significant RHP values to the different lithological groups we first considered those groups with more than 20 values derived from more than 4 representative studies. For the rest of lithological groups, we propose estimated RHP values after a detailed review of all the reported values and bearing in mind the classification relationships between the different lithological groups. In order to detect potential outliers inside each lithological group, those maximum values with distances greater than 50% of the nearest value were investigated. Eventually, some samples were excluded after a careful analysis of the reported values and the cumulative plots. Afterwards, the statistical results have been compared with RHP values obtained from previously published U-Th-K average concentrations for the different lithological groups. Table 2 summarizes the standard deviation, the minimum and maximum values, and the 10th, 25th, 50th, 75th and 90th percentiles of the different lithological groups; and Fig. 2 shows the RHP cumulative distribution plots of the three main lithological groups, igneous rocks, sedimentary rocks and metamorphic rocks.
Despite the outlier exclusion, the highest RHP values show a prominent increase in the slope of the cumulative plots (specially those higher than the 90th percentile) and then decrease the reliability of the mean and the standard deviation of the lithological groups. For this reason we find preferable to use the median value (50th percentile) and the range of values defined by the 25th and 75th percentiles, the ).
The cumulative curves in Fig. 2 show that for each main lithological group there is a wide zone around the median RHP value with a constant slope indicating RHP values with the same probability of occurrence. This zone usually includes the RHP range defined by the 25th and the 75th percentile and in some cases extends to values below the 10th percentile and above the 90th percentile.
A common feature of RHP distribution is that there is a considerable overlap between the values reported for the different lithological groups, even within the same geological region. Part of this overlap is because the main lithological groups are necessarily very generic and they include a large number of specific lithologies. Nonetheless, specific lithotypes pertaining to the same geological region often display a RHP variability comparable to that of the main lithological groups from that they belong. Among other main reasons to be considered are: (a) U and Th are trace elements and therefore their concentrations are not determinant variables to classify rocks from a geologic point of view, (b) the boundary lines in any classification scheme do not denote naturally occurring divisions, and (c) a rock classification imposes arbitrary subdivisions in a continuum medium, and consequently, part of the variation of the RHP assigned to a lithotype is due to these subdivisions. Finally, rock names have different meanings depending upon the used classification scheme and in many cases the assignment of names to rocks is based on a vague and diffuse petrologic characterization. In Fig. 3a we have projected the compiled RHPE concentrations in a triangular U-Th-K diagram. Most of the values fall close to the ratios Th/U = 4 and K/U = 1 × 10 4 , though there is a considerable data dispersion. A similar distribution is observed within some lithological groups or specific lithotypes indicating the calculation of RHP values based on knowing the concentration of a unique radioelement must be taken with caution. An illustrative case of this is shown in Fig. 3b where the distribution of sand and mud fractions of worldwide deepsea turbidites from McLennan et al. (1990) are plotted. Note that for both lithologies the ratio of Th/U vary around 8/1 and 5/4 and the ratio K × 10 4 /U vary around 3/1 and 1/4. Focusing on the main lithological groups and taking as a reference the RHP ranges defined by the 10th and the 90th percentiles, we observe that igneous rocks are those that present the largest variation of RHP (from 0.1 to 3.8 μW m ) is significantly lower than that of the igneous and metamorphic rocks (around 1.2 μW m −3 in both cases) ( Table 2 ). However, after considering the density (compaction) correction for sedimentary rocks, which amounts a factor between 1.14 and 1.20, we obtain similar RHP values for sedimentary, igneous and metamorphic rocks. In what follows we analize the variations in RHP obtained in each main lithological group and compare the obtained values with previous compilation studies.
Igneous rocks
Within this main group we distinguish between plutonic and volcanic rocks and their subgroups. Plutonic rocks exhibit a higher RHP variation and a higher RHP median and mean values than volcanic rocks. In the case of plutonic rocks a gradual RHP increasing can be observed from ultramafic rocks, to gabbroids, dioritoids, tonalites, granodiorites and granites. It is worth noting that a considerable overlapping in RHP values exists between these lithological groups. The ultramafic rocks compilation includes basically peridotites and, to a lesser extent, pyroxenites and hornblendites. Focusing on peridotites, the highest RHP values tend to be in enriched peridotites and the lowest ones in the depleted varieties. Based on the average composition of enriched peridotites proposed by McDonough (1990) and Rudnick et al. (1998) . These estimates indicate that the compilation presented in our study is governed by enriched varieties provided that the median value is 0.111 μW m . Pyroxenites and peridotites present similar RHP variabilities. The RHP for hornblendites tends to be higher than for pyroxenites and peridotites. The RHP ranges of gabbroids and dioritoids have an important overlapping. The RHP values of the compiled anorthosites fall inside the RHP range defined by the gabbroids. The mean and median RHP values of gabbroids are fairly close to those previously proposed by Haack (1983) , while in the case of dioritoids they are significantly lower. Granitoids present a higher RHP variability than gabbroids and dioritoids. The median RHP of tonalites that we have obtained is very similar to that calculated from the average composition of tonalites proposed by Wedepohl (1995) . In the case of granodiorites it must be highlighted that its RHP variability define a field that overlaps the RHP ranges of tonalites and granites. Granites present a high RHP variability, which is also observed in the different granite types (e.g. leucogranites, S-type). For instance, the compilation of 148 compositions of A-type granites (anorogenic) carried out by Whalen et al. (1987) , results in a range of RHP between 0.52 and 12.7 µW m −3 but a mean RHP value of 3.3 µW m −3 with a standard deviation of 1.6 µW m . This high RHP variability is related to the granite petrogenesis. Systematic variations in RHPE concentrations between and within granitic bodies (and in general inside granitoid complexes) are related to both, initial magma composition and magmatic differentiation processes.
Volcanic rocks show a clear gradual increase in RHP from basalt, to andesite and to rhyolite. Basalts show similar RHP values than gabbroids.
The basalt lithological group includes alkaline, calc-alkaline and tholeiitic varieties the first variety being the most heat producing and the latest the lower. Based on the average compositions of basalts proposed by Sun and McDonough (1989) , Taylor and McLennan (1985) , Jochum et al. (1983) , Sun (1980) , Klein (2003) and Kelemen et al. (2003) we calculated a mean RHP of 0.7 μW m for the alkalic basalts, the calc-alkaline basalts, and the tholeiitic basalts, respectively. The median RHP of andesites and rhyolites are similar to the average values proposed by Haack (1983 Wollenberg and Smith (1987) this relationship is not maintained by including alkaline igneous rocks (with these names we include syenitoids, foid syenitoids, foid dioritoids, foid gabbroids, foidolites, trachitoids, phonolitoids, tephritoids and foiditoids). These alkaline rocks make up a small percentage of all the igneous rocks. According to Wollenberg and Smith (1987) 
Sedimentary rocks
In the case of the sedimentary rocks, density plays an important role due to compaction. The values of RHP that we propose are based on a density of 2400 kg m −3 and rarely exceed 3 μW m . In detritic sedimentary rocks we observe that RHP is correlated with the grain size such that the higher the grain size the lower the RHP. As illustrated in Table 2 ). Bearing in mind the petrogenesis of coarse grained detritic materials we expect the RHP of conglomerates to be similar to sandstones. By mudrocks we have included all kinds of fine-grained detritic sedimentary rocks disregarding whether they are consolidated or unconsolidated (mudrock, shale, argillite, siltstone, mud, lutite, clay, silt). The different average shale compositions proposed by previous authors (e.g., Clark, 1966; Haack, 1983; Taylor and McLennan, 1985; Rybach, 1986; and Condie, 1993) give a RHP between 1.07 and 1.86 μW m −3 with an average value of
. This value is above the mean and median RHP values reported in our study for mudrocks (1.392 and 1.442 μW m −3 , respectively). The discrepancy is probably related to the different rock types included under the denomination of mudrocks used in our study and shales/sandstones used in previous studies. Within the sandstone group, arkoses generally present the highest values (around 1.25 µW m ) is slightly lower than that calculated from the average RHPE composition proposed by Wollenberg and Smith (1987) , which results in a value of 0.65 μW m , respectively; whereas the average RHPE for limestones proposed by Haack (1983) 
Metamorphic rocks
Metamorphic rocks show a great chemical diversity and consequently, a high RHP variability. Chemical composition of metamorphic rocks depends largely on the protolith from they belong, which may include igneous and sedimentary rocks. Furthermore, metamorphic fluid flow and partial melting processess can remobilize chemical elements (Ague, 1991; Chamberlain and Sonder, 1990 ) and therefore metamorphic rocks derived from a single protolith may show a wide range of RHP.
The low-to-medium grade metamorphic group yields a median and mean RHP of 1.5 μW m . The low grade metasedimentary rocks mainly include pelites, psamites, slates, phyllites, schists, marbles, metasandstones, metagreywackes and quartzites and general show higher RHP values than sedimentary rocks. These differences may be related to the increase of density due to compaction and the loss of sedimentary components depleted in RHPE (e.g. carbonates) during metamorphism. The range of RHP values for pelites is comparable to that for mudrocks, whereas the range of RHP values for psamites is similar to that for sandstones.
The group of high-grade metamorphic rocks includes those varieties related to partial melting processess or that have been subjected to P-T conditions over the granitic solidi. This lithological group is composed basically by migmatites, diatexites, metatexites, restites, mesosomes, melanosomes, granulites and eclogites. The RHP of this group is commonly lower than the low-to-medium grade metamorphic lithological group.
Granulites yield a very variable RHP with values corresponding to the 25th, 50th and 75th percentiles of 0.352, 0.753 and 1.613 µW m −3 , respectively (Table 2) . These values are largely overestimated due to the bias introduced by sampling, which mainly correspond to outcropping felsic granulites. Intermediate and mafic granulites, which show a lower RHP than felsic granulites, are commonly sampled by xenoliths and then are scarcer. Based on the studies of Rudnick and Presper (1990) , Rudnick (1992) , Rudnick and Fountain (1995) and Rudnick and Gao (2003) , similar to basalts.
Discussion
Establishing the RHP distribution in the lithosphere requires the previous knowledge of lateral and vertical variations of its composition.
Our results show that each representative lithotype has a wide range of possible RHP values, which apart from nomenclature aspects, is mainly related to the different petrogenesis that a given lithotype can have. Basic petrologic premises concerning the processes that intervene in the formation and evolution of the continental crust and hence in the distribution of RHPE within the lithosphere are as follows: 1) From a petrological, geochemical and geophysical point of view, mantle rocks differ clearly from crustal rocks, both oceanic and continental. The upper mantle is believed to be mainly composed of peridotites (e.g. Anderson, 1983; Anderson, 1989; McDonough, 1990; McDonough and Sun, 1995) . Eclogites, hornblendites and pyroxenites are other lithologies subordinated to peridotites in the lithospheric mantle. Only some ultramafic rocks derived by fractional crystallization of basaltic magmas can be misrelated to typical lithologies of the upper mantle. 2) Extensive laboratory experiments show that primary magmas derived from partial melting of the mantle have a basaltic composition (e.g. Wilson, 1989 and references therein) and crystallize into basalts or gabbros depending on the texture and the context where they crystallize. Knowing the RHP of basalts becomes essential to understand the crustal RHP distribution since the geochemical models for the formation and evolution of the continental crust assume an initial basaltic composition of oceanic origin (Wedepohl, 1995; Taylor and McLennnan, 1995; Rudnick, 1995) . 3) Most of granitoid magmas that are emplaced into the upper continental crust or erupted from silicic volcanoes were generated during high-T (upper amphibolite-to granulite-facies metamorphism) crustal melting (Clemens, 1990; Clemens and Watkins, 2001) . The link between crustal melting and granitoid (tonalitic, granodioritic and granitic) magma genesis is firmly established on the basis of the stable and radiogenic isotope characteristics of granitoid rocks, field studies of high-grade terranes and high P-T experimental studies. Metatonalites produced by dehydration melting of metabasalts are suitable parent rocks for the generation of granodioritic and granitic melts (Johannes and Holtz, 1995 and references therein) . Though, granites and granodiorites may also be formed by partial melting of other crustal rocks such as pelites or greywackes. 4) Each protolith can yield different types of partial melting and melt segregation depending on the prevailing P-T conditions and other physico-chemical variables (Maaloe, 1982; Sawyer, 1996; Vigneresse et al., 1996) . The partial melt product can react and equilibrate continuously with the crystalline residue until its segregation or can be continuously removed from the system as soon as it is formed, changing the bulk composition of the system. Melt produced by partial melting can segregate alone or with a fraction of the residuum. These different types of magma genesis contribute to the RHP variability observed in the magmatic lithological groups. 5) After primary magmas segregate from their source region they may undergo a variety of complex fractionation, mixing and contamination processes during transport and subsequent storage in higher crustal levels (e.g. Wilson, 1989) . These processes are of fundamental importance in producing the RHP variabilty found in the different magmatic rocks. 6) Apart from the partial melting processes that affect high-grade metamorphic rocks, large-scale fluid flow processes can remobilize RHPE during a wide range of non-anatectic metamorphic conditions (Chamberlain and Sonder, 1990; Ague, 1991) . 7) Chemical and physical weathering, mineral sorting during transport and diagenesis fractionate RHPE during sedimentary material formation (McLennan, 2001; Rudnick and Gao, 2003) . It is important to note that U and K have a high potential of being fractionated during sedimentary processes because they have high solubilities in natural waters (Taylor and McLennan, 1985) . Fig. 4 . Schematic diagram of the differentiation processes undergone by lithospheric rocks. At a given step the diagram shows the segregated product of a partial melting process (arrows pointing to upper-right) and the corresponding restite (arrows pointing to upper-left). The segregated product can undergo low or medium metamorphism and eventually to become sedimentary rocks (arrows pointing to right). Sedimentary rocks can in turn be converted to low-medium metamorphic rocks or to undergo high-grade metamorphism with partial melting, as indicated by the uppermost arrows. Subduction and melting of crustal rocks into the deep mantle produces enriched peridotites which can be partly melted being incorporated again into the cycle.
Proposed radiogenic heat production values
Bearing in mind the various differentiation processes above mentioned, we have constructed a schematic diagram (Fig. 4) that summarizes the representative RHP values to be adscribed to each rock-type and the criteria for their correct use particularly in thermal modeling purposes. In this diagram we have included the main lithotypes described in Table 2 and the RHP values corresponding to the 25th, 50th and 75th percentiles.
According to Taylor and McLennnan (1995) the continental crust grew through geological time and begins its evolution with a thick basaltic (oceanic) crust derived from peridotite partial melting (undepleted mantle), which is gradually replaced by a more radiogenic (granitic) component. The evolution of the continental crust into a more rich radiogenic composition is due to the sink of dense and RHP depleted crustal material into the upper mantle (Johannes and Holtz, 1995) . The intrusion of melts derived from partial melting of subducted crust also enriches the continental crust in RHP. In the zones in which the crustal material comes back to the mantle, such as the subduction or delamination zones, mantle rocks become enriched in RHPE. This recycling process that affects the crust and the upper mantle is denoted by the lower panels of our scheme in Fig. 4 . Therefore, appropriate RHP values for mantle peridotites range from b0.01 μW m , where the numbers in brackets denote the values corresponding to 25th and 75th percentiles, respectively.
The first intracrustal magmatic episode is the generation of tonalitic melts by partial melting of metabasalts. The resultant rock types generated through separation of melts and solids are respectively tonalities, with a median RHP of 1.04±[0.61−2.20]μW m ) granulites is emplaced at the middle-lower crust. The analyses of surface heat flow and heat production data sets show that in most continental regions the upper crustal levels are significantly enriched in RHP relative to the deeper crustal levels (see Table 2 and Fig. 4) . The evolution of the continental crust into a granodioritic upper crust and a lower crust dominated by intermediate and mafic granulites (Johannes and Holtz, 1995) is a consequence of the intracrustal magmatic episodes described previously. Granulite-facies metamorphism in the lower crust cause pervasive depletion of U, Th and K due to the breakdown of accessory phases, partial melting and removal of melts and fluids at higher crustal levels (Rudnick et al., 1998) . The existence of mantle-derived rocks (gabbros) underplated in the lower crust also could favor the lower concentration of RHP in the deep crust with respect to the shallower crustal levels where metasedimentary and more evolved metaigneous rocks are present. However, the presence of a mafic layer at the base of the continental crust is not a universal feature (Wedepohl, 1995; Villaseca et al., 1999) , since delamination and detachment of the lower crust are likely to occur (Bird, 1979; Rudnick, 1995; Schott and Schmeling, 1998 Fig. 4 are reduced to a reference density.
Thermal modeling
To analyze how departures from the median values (25th and 75th percentiles) can affect the crustal geotherms we have performed a simple calculation based on a 1D steady-state thermal approach. To this end we have considered a continental crustal section derived by Wedepohl (1995) who proposes a crustal composition based on the proportions of upper crust to felsic lower crust to mafic lower crust of 1:0.6:0.4. These proportions were derived from a 3000 km long refraction seismic profile through western Europe (EGT-European GeoTraverse) comprising 60% old shield and 40% younger fold belt with an average crustal thickness of about 40 km. We have chosen this section because of the precise description of the average crustal composition, which is based on worldwide mapping, petrologic studies and chemical balances. Therefore, the crust consists of three layers, namely sediments, upper crust and lower crust whose composition and thickness are summarized in Table 3 . For the lithotypes composing the Table 3 Radiogenic heat production (RHP) and radiogenic heat generation (RHG) obtained for a standard crustal column according to Wedepohl (1995 sedimentary layer and the lower crust, we have considered a RHP according to the median values reported in Table 2 and Fig. 4 . However, for the upper crust we have considered the median RHP values and the range of variation corresponding to the 25th and 75th percentiles. The equivalent RHP and the total amount of heat generated in the three layers are displayed in Table 3 . According to this, the bulk crustal RHP can vary from 0.74 μW m −3 to 1.38 μW m −3 being the most probable value 1.03 μW m −3
. These values are well inside the range reported for two extreme cases of high and low average crustal RHP as are the TransHudson Orogen with a value of 0.55 μW m −3 (Perry et al., 2006) and the Australian Proterozoic crust with a value greater than 2 μW m −3 (Hand et al., 1999) . Our values are about 0.15 μW m −3 higher than those reported for different continental crust compositional models (Rudnick and Gao, 2003 and references therein) , which give a range of mean crustal RHP values from 1.29 to 0.57 μW m . The reason for this shifting is the relatively felsic composition of the crustal section considered by Wedepohl (1995) . Radiogenic heat production in the lithospheric mantle has been set to 0.016 μW m , which corresponds to a primitive (undepleted) mantle composition (Fig. 4) .
1D thermal calculations have been firstly performed considering as boundary conditions a surface temperature of 0°C and a surface heat flow of 65 mW m −2 and using the analytical solution T(z)=T 0 + q 0 z/ λ − Az 2 /2λ where T 0 and q 0 are the temperature and heat flow at the Earth's surface, respectively, A is the (constant) radiogenic heat production, and λ is the thermal conductivity (e.g. Turcotte and Schubert, 2002) . Bulk thermal conductivity of sediments, upper crust, lower crust and lithospheric mantle are considered constant with values of 2.5, 3.0, 2.1 and 3.4 Wm
, respectively. Calculated temperatures (Table 4) show large differences related to the considered variations in the upper crust RHP, ranging from 313°C to 390°C at the base of the upper crust and from 433°C to 743°C at the Moho. Similarly, the obtained heat flow at the base of the crust and the total lithospheric thickness, here defined as the depth of the 1350°C isotherm, vary from 10 to 35 mW m − 2 and from N 400 km to 99 km, respectively (Table 4) .
These extreme geotherms show T Moho , mantle heat flow and lithospheric thickness values that cover most of the range of characteristic values for cratonic and warm/young continental lithospheres (e.g., Jaupart and Mareschal, 2007) . Using surface heat flow as boundary condition tends to transmit downwards the uncertainties in RHP. However, fixing the lithospheric thickness instead of surface heat flow reduces considerably the variations of the calculated geotherms. We have used a FEM based numerical solution that allows us to calculate the temperature distribution in a multilayer media with the same prescribed thicknesses of the crustal layers and thermal properties as in the analytical case but fixing the temperatures at the surface and base of the lithosphere and the total lithospheric thickness. Then, using T 0 = 0°C, T B = 1350°C and a lithospheric thickness of 150 km as boundary conditions results in Moho temperatures and surface heat flow values ranging from 571°C to 642°C and from 54 mW m − 2 to 78 mW m −2 for 25th and 75th RHP percentiles, respectively (Table 4 ).
The mantle heat flow remains almost constant around 22 mW m −2 . Whatever the boundary conditions are used, the resulting uncertainties in the calculated geotherms and the surface heat flow or lithospheric thickness are large. It is worth noting that variations in the calculated geotherms do not depend only on radiogenic heat production but also on thermal conductivity and lithosphere geometry. More sophisticated models based on Monte-Carlo inversion techniques help to better define the continental geotherms by considering random variations in RHP, thermal conductivity and thickness of the lithosphere layers (e.g., Jokinen and Kukkonen, 1999a, b) . The use of surface heat flow or lithospheric thickness as boundary conditions will depend on the data available in each case. Surface heat flow is commonly determined with 10-15% accuracy (e.g. Powell et al., 1988) resulting in a wide range of possible geotherms. This range can be additionally constrained by integrated modeling techniques that combine data from petrology, mineral physics, and geophysical observables within a self-consistent framework. The final result is a lithosphere/sublithospheric model that simultaneously fits all geophysical observables (gravity, geoid, elevation, surface heat flow, seismic velocities and composition) reducing the uncertainties associated with thermal modeling alone (e.g., Afonso et al., 2008; Fullea et al., 2009 ).
Radiogenic heat production versus age
The heterogeneity of the continental crust records the complex superposition of tectonic processes associated with the growth and differentiation of the continental lithosphere through age. Reviews on heat flow data of stable continent regions recognize a decrease in the global continental heat flow with age (Nyblade and Pollack, 1993) . Differences in the concentration of RHPE of crustal units and its thickness are the two possible causes of the temporal pattern of the RHP in the crust (Nyblade and Pollack 1993; Rudnick and Fountain, 1995; McLennan and Taylor, 1996; Rudnick et al., 1998; Nyblade, 1998) . Focusing on the RHP changes and according to Jaupart and Mareschal (2003) , estimates of bulk continental RHP from heat flow data shows that there is a clear decrease with age.
Unfortunately, our database does not contain enough details to segregate the rock samples by age intervals. To explore the age dependence of RHP we have calculated the RHP values of published average chemical compositions representative of crustal lithotypes grouped by age. Then, we have used the worldwide chemical compositions of representative upper crust lithotypes by Condie (1993) , the average chemical compositions representative of Central-East China by Gao et al. (1998) , and the worldwide average chemical compositions of different types of granulites by Rudnick and Fountain (1995) . Fig. 5 compares the calculated RHP values to the age of the different Table 4 Calculated temperatures and heat flow values from models considering constant surface heat flow and constant lithospheric thickness as boundary conditions. Radiogenic heat production (RHP) in the upper crust varies according to 25th, 50th and 75th percentiles. Temper.
Heat flow (mW m −2 )
Temper. (Fig. 5) . Variations of RHP with age may amount to 20-50% or even a factor 3 in the case of felsic volcanic rocks. Only the samples corresponding to cratonic sandstones by Condie (1993) , arenaceous and carbonate rocks by Gao et al. (1998) and felsic and mafic granulites by Rudnick and Fountain (1995) this RHP-age relationship is not so evident.
Concluding remarks
Based on a worldwide compilation of radiogenic heat production data and isotopic analyses we propose typical values of RHP for common lithologies and study its variability with the aim to be useful in lithospheric thermal modeling purposes. The main conclusions that are derived from the presented work can be summarized as follows: i) Continental crust rocks show a high variability in RHP due to their petrogenesis and to the complex differentiation and redistribution processes affecting the whole lithosphere. The trace element character of U and Th and their association with accessory minerals make difficult to establish a direct relationship between RHP and lithology. All these impede to find a simple depthdependent function for RHP within the continental crust. ii) For modeling purposes it is essential first to identify the lithologies to be modeled, which must be referred to the hierarchical petrologic-based classification summarized in this work. This classification includes 24 representative crust and upper mantle lithologies grouped into three main lithological groups encompassing igneous, metamorphic and sedimentary rocks. iii) To minimize the influence of outliers and departures from a normal statistical distribution within each lithological group we propose to use, instead of the mean value and its standard deviation, the median value (50th percentile) and the range of values defined by the 25th and 75th percentiles to characterize the RHP of each lithotype and its variability. iv) From the compiled data we observe that the largest variation in bulk RHP corresponds to igneous rocks (from 0.1 to 3.8 μW m −3
), followed by metamorphic rocks (from 0.2 to 3.2 μW m , respectively. These variations are sensitive to the applied boundary conditions and reduce considerably when other geophysical/petrological observables are incorporated to thermal models. vi) RHP tends to decrease with age and these variations may amount 20-50% when comparing Archean to Post-Archean rocks. Most of the sedimentary rocks as well as felsic and mafic granulites show negligible variations whereas maximum variations by a factor of 3 are found in felsic volcanic rocks. vii) Implementing radiogenic heat production in modeling the thermal structure of the lithosphere requires (a) to identify the main lithologies and its proportion (if possible) composing the different layers; (b) to consider the range of variability of RHP values and the age of the crustal domains; and (c) to integrate as many as possible additional constraints that allow us to better define the geometry and boundary conditions of the lithosphere section. In this sense, the use of integrated lithospheric models and/or inversion methods that account for the variability of the different physical parameters intervening in the model is highly recommended. RHP measurements in rock samples derived from the modeling region are essential.
